PURPOSE-To demonstrate diffuse optical tomography (DOT) corrected fluorescence molecular tomography (FMT) for quantitatively imaging tumor-targeted contrast agents in a 4T1 mouse mammary tumor model.
Introduction
Optical imaging based on fluorescent probes represents a next generation tool for molecular imaging. It is a promising imaging approach because of its high sensitivity, portability and low cost. To date various non-targeted and targeted fluorescent probes have been studied for molecular imaging in animal models and in humans [1] [2] [3] [4] [5] [6] . While the imaging methods used in these studies are easy to implement for the purpose of demonstrating the usefulness of the imaging probes, previous optical imaging methods are surface-weighted that is unable to provide depth information and have a poor spatial resolution at depths beyond one mean transport free length (~1 mm), leading to inaccurate localization of imaging agents.
Fluorescence molecular tomography (FMT) can overcome the limitations associated with the surface weighted or planar imaging methods by providing 3D imaging with a spatial resolution of ~500 m given a ~10-20 mm tissue depth [7] . In FMT, the 3D spatial distribution of fluorescent probes is recovered through a mathematical inverse algorithm using tomographically measured optical data along the boundary of the object. Research conducted by several groups has shown the impact of optical property distribution in phantoms [8] [9] [10] [11] [12] and hybrid methods with MRI and micro-CT have been reported to improve image quality of FMT in the presence of heterogeneities FMT for mouse [13] [14] [15] . Using well-controlled phantom experiments, we have previously shown that the quantitative accuracy of FMT reconstruction can be considerably improved when the optical property distribution of turbid media obtained by diffuse optical tomography (DOT) is used as correction [16, 17] . In this study, we used near infrared (NIR) dye labeled optical imaging probes that are targeted to a urokinase plasminogen activator receptor (uPAR) to enhance the sensitivity of DOT-corrected FMT in breast cancer applications. To our best knowledge, this represents the first demonstration of DOT-Corrected FMT in a mouse tumor model. Urokinase plasminogen activator (uPA) is a serine protease that regulates multiple pathways involved in matrix degradation, cell motility, metastasis and angiogenesis. Interaction of the amino-terminal fragment (ATF) of uPA with its cellular receptor (uPAR) results in the conversion of plasminogen to a serine protease, which is a central regulator in the activation of other proteases including matrix metalloproteinases (MMPs) [18] . In the majority of normal tissues or organs, the level of uPAR is very low or undetectable except for a low level in macrophages, granulocytes, the uterus, thymus, kidney and spleen [19] . However, a high level of uPAR is found in 60 to 90% of invasive breast cancer tissues but not in normal breast tissues [20] . The highest level of uPAR is usually found at the invasive edge of the tumor lesions [20, 21] . Previously, we have developed uPAR-targeted optical and MRI dual imaging probes by conjugation of Cy5.5 NIR dye labeled recombinant amino-terminal fragment (ATF) of uPA, the receptor binding domain for uPAR to magnetic iron oxide nanoparticles (IONPs) [22] . Those dual modality imaging probes can specifically target to the tumors, allowing 2-dimensional optical imaging and MRI of breast cancers [23] . Recently, we developed a new NIR 830 dye labeled and uPAR-targeted IONP probe as shown in Fig. 1 . Results of our study demonstrated that selective accumulation of these targeted optical imaging probes into tumors following systemic delivery enables 3D DOT corrected FMT detection of primary as well as local recurrent and distant metastatic tumors in an orthotopic mouse mammary tumor model.
Experimental system and method
The experimental system used is shown in Fig. 2A . In this system, the excitation light is directly delivered to the mouse at specific points with given coordinates of X and Z axis via linear stages. For each source position, emission and excitation data from the opposite side of the mouse are recorded by a 1024×1024 pixels CCD camera (Princeton Instrument, Trenton, NJ) without or with a bandpass filter for DOT and FMT data collection, respectively. Our system has been constructed such that multi-angle transmission light can be collected, which is realized by rotating the mouse three 90° in order to collect transmission light at four directions. A Visual C++ controlling program is used to control the entire data acquisition. The well-known shape-from-silhouette 3D recovery approach was used to render the 3D model of the actual mouse used and silhouette acquisition procedure was detailed in our previous study [17] . A 3D finite element mesh of the 3D model was then generated using Amira 3.1 (inclusion of Fig. 2A ). There was also a need to map the photon density read from the CCD camera (actually the virtual detector along the focal plane of the CCD camera) onto the arbitrarily shaped surface of the mouse. We have adopted a method where a Lambert's cosine law and solid angle based light propagation model is established that correlates the photon density at the virtual detector and the animal surface. With this model, given the relative geometric relationship between the virtual detector and the phantom surface, the numerical aperture of the virtual detectors and the visibility factor that can be experimentally calibrated, one can accurately convert the read out from the CCD into the photon density at the mouse surface for actual image reconstruction.
Briefly, for each angle, the source and detector nodes in the finite element mesh were automatically chosen to cover the region of interest and their absolute coordinates were mapped automatically towards CCD pixel grid; as in a typical 3D scan of a mouse in average size, signals from a total of 238 source and 284 detector positions were collected. For each angle, XY-positioner delivered laser beam to the animal surface according to the coordinates of source nodes and the CCD collected transmission signal from the opposite site of the animal. We used a finite element mesh of 3855 nodes and 17999 tetrahedron elements. The model for describing the collect of optical signal from arbitrarily shaped objects in free space is described previously [24, 25] , we implemented and applied the model to map the CCD pixel values to the photon field emerging from arbitrarily surface in previous study with satisfactory results [4, 17] . The total reconstruction time for a typical mouse was ~6 hours in a 3 GHz 64 bit PC.
Targeted contrast agents of DOT corrected FMT experiments, the recombinant mouse amino terminal fragment (ATF) of uPA, was produced from a bacterial expressing system using our established protocol [23] . To determine sensitivity of the imaging approach and correlation of the DOT-corrected imaging with the number of imaging probe-labeled cells, mouse ATF peptides were firstly labeled with NIR Cy 5.5 dye (GE Healthcare. Piscataway, NJ) using manufacture's protocol. 4T1 mouse mammary tumor cells were pre-incubated with NIR Cy5.5 dye-ATF peptides in vitro for 4 hrs and unbound Cy 5.5-ATF peptides were washed thoroughly by centrifugation. Cells were counted and specific numbers of cells (100,000, 200,000, and 500,000 cells) were injected subcutaneously into the mice. 2-D optical imaging was performed immediately to determine the injection sites and NIR signal intensity. DOT-corrected FMT imaging was performed later on the mice. Experiments were conducted with no filter for DOT and a 710 nm bandpass filter for FMT at an excitation wavelength of 660 nm (25 mW).
To determine the feasibility of quantitative detection of the optical image probes in the tumor by DOT-corrected FMT, we used a newly developed NIR-830 dye (C 49 [26, 17] , to label ATF peptides. NIR dye 830 has peak absorption at 790 nm and an emission wavelength of 810 nm as a free dye or 825 nm as a conjugated dye (Fig. 1A) . The NIR-830 dye yields much higher signal-to-noise ratio with less absorption than Cy 5.5. Mouse ATF peptides are labeled to NIR 830 dye through its maleimide or NHS functional group. NIR-830-ATF peptide itself can be used as a peptide optical imaging probe. It can also be conjugated to magnetic iron oxide nanoparticles to produce dual optical and MR imaging probes (Fig. 1B) . The nanoparticle imaging probe NIR-830-ATF-IONP was produced by conjugating NIR-830-ATF to amphiphilic polymer IONPs with a core size of 10 nm (Ocean Nanotech, LLC, Springdale, AR).
To establish an orthotopic mouse mammary tumor model, 2×10 6 of luciferase gene positive mouse mammary tumor 4T1 cells (kindly provided by Dr. Mark W. Dewhirst at Duke University) were injected into the mammary fat pad of 6 to 8 week old female Balb/c mice. When the mammary tumors grew to 5 to 8 mm in 10 to 15 days, 100 pmol of targeted NIR-830-ATF-IONPs or non-targeted NIR-830-mouse serum albumin (MSA)-IONP nanoparticle imaging probes were injected via the tail vein of the mice. DOT-corrected FMT was performed 6 days following the probe administration. To determine if the optical image approach is able to detect local tumor recurrence and distant metastasis, orthotopic mammary tumors of the mice were resected under anesthesia.
Results

3D whole body optical property distribution of mouse and quantification of Cy 5.5 -ATF peptide labeled tumor cells
Reconstructed 3D optical property images of a mouse are given in Fig. 3 . The absorption and scattering images ( Figs 3A and B) show that the lung (the upper part) and liver (the lower part) are clearly visible with high absorption and scattering coefficient values. The highly heterogeneous optical property distribution shown here in a mouse indicates that DOT will play a critical role for accurate recovery of fluorescent probes. The optical property distribution obtained from DOT is then input into the FMT reconstruction as a priori information.
To determine if DOT-corrected FMT is able to accurately locate positive tumor cells and whether the signal intensity correlates with the number of NIR dye positive cells, we examined the FMT image from the mice that received subcutaneous injections of the mouse mammary tumor cells pre-labeled with a commercial NIR dye Cy5.5-conjugated ATF peptide probes. Figure 4 shows the recovered 3D fluorescence images (with or without the DOT) of a mouse with three different volume/numbers of the cells injected subcutaneously at three locations. We found that the fluorescence tumor image is most accurately reconstructed when DOT correction is used in terms of the volume (which is proportional to the tumor cell number) and the position (partially overlapped with the exact injection position). In contrast, the FMT without DOT correction produced unsatisfactory fluorescent reconstruction where the recovered target positions are shifted from the exact positions and the recovered sizes are not proportional to the tumor cell number.
Detection of target specificity of NIR-830-ATF-IONP imaging probes and sensitivity of the DOT-corrected FMT imaging
We here use DOT corrected FMT to characterize targeted delivery of NIR-830-ATF-IONPs in specificity and sensitivity for tumor imaging. Quantification of the amount of optical imaging probes in the tumor and normal organs and tissues after systemic delivery into a tumor bearing mouse can be used to evaluate specificity of the probe. Specificity and the amount of imaging probes bound to targeted organs or tumors in a mouse are the key parameters to validate the imaging probes in preclinical applications. We tentatively utilized quantitative FMT to evaluate specific binding of the NIR-830-ATF-IONP imaging probes by comparing the reconstructed concentration value of NIR-830 dye with or without ATF targeting.
We administrated non-targeted NIR-830-MSA-IONP and uPAR targeted NIR-830-ATF-IONP via the tail vein of the tumor-bearing mice. DOT corrected FMT was conducted for both the MSA (non-targeted) and ATF (targeted). The ATF-targeting remarkably increased the fluorescent concentration accumulated in the tumors over non-targeted NIR-830-MSA-IONPs with a difference about 10 folds, as shown in Fig. 5 .
Targeting NIR-830-ATF-IONPs to the tumor has potential to greatly increase the imaging sensitivity, making it possible to detect early stage, recurrent or metastatic tumors. To determine whether NIR-830-ATF-IONPs are able to target to and accumulate in locally recurrent mammary tumors and lung metastasis, the primary mammary tumor in the mice was surgically resected. Two weeks following surgery, the mice developed locally recurrent tumor in the mammary fat pad and lung metastasis as determined by bioluminescence imaging (Fig. 6A) . The mouse then received the tail vein delivery of 2.35 nmol of NIR-830 ATF peptides. 72 hrs after administration of the probes, FMT measurements detected the locally recurrent tumor and lung metastasis (Fig. 6B ). Since our DOT corrected FMT method collects both excitation and emission signals of all projections and offers optical images through a mathematical inverse algorithm, the image shown in Figs 6B and C provides a 3D distribution with true depth information and quantitative value of the targeted contrast agents.
Conclusions
Recently, fluorescence tomography has been improved with other imaging modalities. For example, X-ray computed tomography (CT) is used as a structural guidance to FMT reconstruction for improved resolution as well as quantification accuracy; X-ray fluorescence is also becoming a promising analysis tool which greatly expands applications of fluorescence imaging; X-ray Luminescence Optical Tomography is emerging as a new method to improve resolution of Fluorescence Molecular Tomography (FMT) [28] [29] [30] . As a hybrid approach to improve FMT, the current DOT corrected FMT can be conveniently applied to all existing fluorescent imaging systems to improve FMT resolution and quantification without the need of extra hardware implementation.
We have shown that DOT corrected FMT is able to quantitatively image targeted contrast agents after systemic administration in a mouse mammary tumor model. The DOT corrected FMT method also allows the study of specificity of the targeted contrast agents. The stability of the NIR-830-ATF-IONP probe is also a great advantage for molecular imaging: The probe remains detectable 6 days after administration ( Fig. 5 ) for tumor imaging. We believe that the combination of DOT corrected FMT and uPAR-targeted optical imaging probes has great potential for the development of novel molecular imaging approaches for early detection of breast cancer and intraoperative evaluation of tumor, recurrent tumor and metastasis.
In a previous study, we investigated early diagnosis of osteoarthritis based on an optic fiberbased DOT prototype [31] [32] [33] . While DOT can reveal changes in tissue optical properties in diseased joints, the contrast would be much lower than that available using FMT especially at early stages of the disease. The study presented herein used DOT Corrected FMT to provide enhanced target contrast in preclinical small animals with a CCD camera-based free space system. The methodology described here can also be used for clinical applications such as early diagnosis and chemotherapy monitoring of breast cancer. 
